The conserved surface of the HIV-1 gp120 envelope glycoprotein that binds to the HIV-1 coreceptor is protected from humoral recognition by multiple layers of camouflage. Here we present sequence and genomic analyses for 12 antibodies that pierce these defenses and determine the crystal structures of 5. The data reveal mechanisms and atomic-level details for three unusual immune features: posttranslational mimicry of coreceptor by tyrosine sulfation of antibody, an alternative molecular mechanism controlling such sulfation, and highly selective VH-gene usage. When confronted by extraordinary viral defenses, the immune system unveils novel adaptive capabilities, with tyrosine sulfation enhancing the vocabulary of antigen recognition.
The conserved surface of the HIV-1 gp120 envelope glycoprotein that binds to the HIV-1 coreceptor is protected from humoral recognition by multiple layers of camouflage. Here we present sequence and genomic analyses for 12 antibodies that pierce these defenses and determine the crystal structures of 5. The data reveal mechanisms and atomic-level details for three unusual immune features: posttranslational mimicry of coreceptor by tyrosine sulfation of antibody, an alternative molecular mechanism controlling such sulfation, and highly selective VH-gene usage. When confronted by extraordinary viral defenses, the immune system unveils novel adaptive capabilities, with tyrosine sulfation enhancing the vocabulary of antigen recognition.
T
he HIV type 1 (HIV-1) utilizes a variety of mechanisms to evade the humoral immune response. Chief among these mechanisms are those used by the exterior gp120 envelope glycoprotein, the principal component of the viral spike and the primary target of antibody recognition (1) . Antigenic loop variation, oligomeric occlusion, conformational masking, and glycan cloaking (either by ''self-camouflage'' or through steric occlusion) (2) (3) (4) , all enable viral escape from antibody-mediated neutralization, thus facilitating a persistent infection leading to host immune dysfunction and the development of acquired immunodeficiency syndrome (AIDS) (5, 6) .
Despite these sophisticated mechanisms of evasion, limitations related to functional constraints of viral entry create opportunities for antibody recognition. Foremost among these involve virus-cell-surface receptor interactions. HIV-1 propagates in only a select subset of immune cells, identified by the primary viral receptor, CD4 (7, 8) , and by a coreceptor, generally CCR5 or CXCR4 (reviewed in ref. 9 ). The coreceptors are chemokine receptors, seven-helix integral membrane proteins. Recognition by HIV-1 gp120 involves interactions primarily with their second extracellular loop as well as their N-termini (10) (11) (12) (13) , which are distinguished by a concentration of tyrosines, modified by posttranslational addition of sulfate (14) . Tyrosine sulfation of coreceptor is critical for gp120 recognition (14) .
The gp120 surface that interacts with the coreceptors overlaps the epitopes for an emerging group of antibodies, which were originally identified as being induced by CD4 binding and thus were labeled ''CD4i'' antibodies (15) . The antibodies display extremely broad HIV-1 recognition, although neutralization potency may be restricted by adjacent variable loops and steric and conformational constraints (16) , indicating that gp120 has evolved to protect this conserved surface. We previously determined the crystal structures for primary and laboratory-adapted core gp120 molecules in complex with the CD4 receptor and the archetype CD4i antibody, 17b (17, 18) . In these structures, 17b
showed a relatively small surface of interaction (Ϸ500 Å 2 ), dominated by interactions involving a 19-residue heavy chain third complementarity-determining region (CDR H3). The protruding nature of the paratope suggested that 17b was accessing a sterically restricted surface.
In light of the multiple mechanisms that protect the coreceptor-binding surface on gp120, we asked what novel antibody features might be necessary for recognition of this highly protected site. Because the unusual features that we observed for 17b might be exclusive to this particular antibody, we examined a panel of CD4i antibodies, isolated from five different individuals and from two different phage display libraries. Here we describe sequence and genomic analyses for 12 of these CD4i antibodies, and we crystallize and determine the x-ray structures of 5. In a separate manuscript we report biochemical and mutagenic analyses (19) . These studies reveal atomic-level details for immune mechanisms involving posttranslational mimicry and selective V H -gene usage.
Materials and Methods
CD4i Antibody Origin. Peripheral blood B cells from HIV-1 infected subjects were transformed with Epstein-Barr virus to generate stable B cell lines, and antibodies were selected for gp120 reactivity. Antibody 17b from asymptomatic subject N70 and antibody 48d from asymptomatic subject Y76 have been described previously (15) . Antibodies isolated from subjects undergoing structured treatment interruption (20) included 47e, 412d, and E51 from subject AC-01 and 16c from subject AC-13. Monoclonal antibodies 23e and 411g were derived from a long-term nonprogressor, subject AD19, who had not been treated with antiretroviral drugs (21) . Antibodies were also isolated from phage display libraries prepared from the bone marrow RNA of HIV-1 infected individuals. Antibodies C12, Sb1, and X5 were isolated from a library prepared from subject FDA-2, whose serum exhibited potent broadly neutralizing anti-HIV activity (22) . Antibody m16 was isolated from a library Abbreviations: CDR, complementarity-determining region; Fab, antigen-binding antibody fragment; HIV-1, HIV type 1.
Data deposition: The atomic coordinates of the CD4i antibodies 48d, 17b, 47e, 412d, and E51 (PDB ID codes 1rz7, 1rz8, 1rzi, 1rzg, and 1rzf, respectively), as well as the refined coordinates of the YU2 and HXBc2 ternary complexes (PDB ID codes 1rzk and 1rzj, respectively) have been deposited in the Protein Data Bank, www.pdb.org. The nucleotide sequences reported in this paper have been deposited in the GenBank database (accession nos. AY515002-AY515013, AY539808, and AY539809).
prepared from RNA of three long-term nonprogressors, whose sera exhibited the broadest and most potent HIV-neutralization among 37 HIV-infected individuals (23) .
CD4i Antibody Sequencing and Genomic Analysis. The sequences of 16c, 411g, 23e, 47e, 412d, and E51 were determined by using methods described previously for 17b and 48d (3) . The sequencing of C12 and Sb1 from phage libraries is reported in a companion manuscript (19) ; m16 and X5 were sequenced by following the same procedure. Genomic analysis was carried out with nucleotide sequences submitted to IGBLAST (24) or IMGT (25) . Details are contained in Supporting Experimental Procedures, which is published as supporting information on the PNAS web site.
Crystallography. The antigen-binding fragment (Fab) of monoclonal antibodies 48d, 17b, 47e, 412d, and E51 was made and purified by using methods similar to those described previously (26) , except that with the sulfated antibodies, endoproteinase Lys-C was used for digestion and anion-exchange chromatography was used to purify the fully sulfated Fab. Details on crystallization, data collection, structure solution, and molecular modeling and docking are presented in Supporting Experimental Procedures. Final refinement parameters are presented in Table  2 , which is published as supporting information on the PNAS web site.
Biochemical Analysis of Sulfation. Labeling and immunoprecipitation of antibodies (X5, m16, and b12) and modulation of sulfation by RNA interference for Fab (X5, m16, and b12) and single-chain antibody variable fragment (scFv; C12 and Sb1) were performed as described previously (19) .
Figures. All superpositions were carried out with the program LSQKAB in the CCP4 package (27) . Figures were made with GRASP (28) , XTALVIEW (29) , or RASTER3D (30) .
Results and Discussion
Structural and Genomic Analysis of 17b. To more fully understand the recognition of gp120 by the archetype CD4i antibody, 17b, we determined the structure of the uncomplexed 17b Fab at 2.2-Å resolution (Fig. 1) . The uncomplexed 17b crystallized with two molecules in the asymmetric unit, with the protruding acidic CDR H3 forming 204 Å 2 of the noncrystallographic twofold interface. The entire CDR H3 was ordered, with an average B factor of 25.2 Å 2 , which was lower than the average B factor of 28.2 Å 2 for the entire Fab.
The large crystal lattice contact in the uncomplexed 17b structure might be expected to influence the CDR H3 orientation, especially when compared to the gp120-complexed 17b, where 243 Å 2 of the CDR H3 surface is buried in the gp120 interface (18) . However, superposition of free and complexed 17b showed little CDR H3 change upon complex formation (Fig.  1 A) . For the gp120 contact surface, root-mean-square deviations (rmsd) after superposition of the Fab variable domains for the two free and two complexed 17b showed main-chain rmsd of 0.39-0.53 Å and side-chain rmsd of 1.1-1.2 Å. By contrast, elbow angle differences between free and complexed of 11.6°-27.1°s howed that crystal lattice packing could strongly influence the relative orientation of the variable and constant portions of the Fab, with superpositions of the entire Fab yielding main-chain rmsd of up to 3.3 Å. In light of the observed CDR H3 rigidity, we were surprised to observe only three internal backbonebackbone hydrogen bonds in the uncomplexed 19-residue loop. Loop rigidity depended primarily on interactions with side chains from other CDR loops.
Genomic analysis identified the 17b heavy chain precursor to be VH1-69, with 20 of its 98 residues altered during affinity maturation. These included 5 of the 16 side chains that support the CDR H3, including a Ser-to-Arg change at residue 31, the side chain of which buries 74 Å 2 of the CDR H3 surface (Fig. 1B) . These changes suggested that the CDR H3 before affinity maturation might have been more flexible, and that increasing its rigidity enhanced its affinity with gp120.
Analysis of the interface between 17b and gp120 found a number of direct contacts with the CDR H2. Two of the five residues in the CDR H2 were altered by somatic mutation (Fig.  1B) to enhance hydrophobic interactions (Thr to Val) and to optimize hydrogen-bonding geometry (Asn to His, with the His N 2 making a hydrogen bond to Thr-202 O ␥1 of gp120). These interactions suggested that in addition to loop rigidification, direct contacts with less protruding portions of the epitope were important for high-affinity interaction.
The structure and genomic analysis of 17b thus identified a number of specific attributes that might permit recognition of the highly cloaked chemokine receptor-binding site. These included a highly acidic CDR loop, a relatively small surface of interaction, and a protruding paratope, rigidified by somatic mutation. To see how general these features were for recognition, we examined these traits in a panel of CD4i antibodies.
Isolation, Sequencing, and Genomic Analysis of a Panel of CD4i
Antibodies. The sequences of 48d and 17b have recently been published (3). We were able to obtain sequences for six addi- The Left two structures show the rerefined YU2 and HXBc2 ternary complexes after superposition of the 17b V H framework, with the two complexed Fab 17b in black C ␣ worm, interacting 17b side chains in green, the N-terminal domain of CD4 in yellow, and the molecular surface of YU2 core gp120 in red, except for the surface within 3.5 Å of 17b, which is blue. In this orientation, the viral membrane would be positioned toward the top of the page. The Right two structures show the two independent copies of free 17b from the P2 12121 crystals superimposed on the complexed structures. The color and orientation for the complexed structures are the same as in Left, with the free 17b structures shown in blue with magenta interactive residues. The Far Right shows the entire Fab, including the constant portion. Whereas the variable domains are quite similar, considerable differences are seen in the constant portions, especially between the two free structures. (B) Details of gp120 -17b interaction at CDR H2 and CDR H3. The electrostatic potential of gp120 is shown at the molecular surface colored blue for electropositive, red for acidic, and white for apolar. The Left two structures show 17b in the same orientation as A. The portion corresponding to the V H gene, VH1-69, has been colored green, except for residues altered by somatic mutation, which are colored magenta. The five side chains of the CDR H2 that interact with gp120 are shown: I52, I53, L54, V56, and H58. The Right two structures show an Ϸ90°v iew, adjusted so that the pseudo twofold axes of the Fab are aligned with the edges of the page. In this view, the acidic CDR H3 loop (yellow C ␣ worm) can be seen reaching up to contact a basic gp120 surface. Side chains of VH1-69 that interact with the CDR H3 loop are shown.
tional CD4i antibodies isolated from immortalized B cells, 16c, 23e, 47e, 412d, 411g, and E51. Screening and sequencing of phage display libraries derived from HIV-1-infected individuals produced four additional sequences, C12, m16, Sb1, and X5 (Fig.  2) . Genomic analysis showed extraordinarily selective V H -gene usage, with 9 of the 12 antibodies using VH1-69, and the other 3 using VH1-24 (Table 1) . A higher usage of A27 was also observed in the phage display light chains, although this was probably related to particularities of the phage library. A range of affinity maturation changes was observed, from a low of 6.3% for 47e, to a high of 14.3% for Sb1 and E51. In general, antibodies obtained from phage display libraries had levels of changes (12.8 Ϯ 1.2%) higher than those obtained from immortalized B cells (10.6 Ϯ 2.5%), but the difference was not distinctive (Fig. 2 , Table 1 ). Analysis of the CDR loops showed a variety of CDR H3 lengths, ranging from 10 (for 48d) to 25 (for E51). CDR H3 net charge as defined on the unmodified amino acids also varied from Ϫ1 (for 16c) to Ϫ6 (for X5). These observations suggested that the various traits identified as being unusual to 17b were not traits that were general to all CD4i antibodies. Segregating the antibodies into two groups, distinguished by CDR H3 length, allowed correlative properties to appear. In the short group (CDR H3 length from 10 to 14), the CDR H3s were not very acidic (net average charge of Ϫ1.6 Ϯ 0.5), whereas the CDR H2s were, displaying an unusual concentration of three or four acidic residues in a short six-residue stretch at the loop tip. In this short group, only VH1-24 was used (Fig. 2,  Table 1 ).
In the long group (CDR H3 length from 19 to 25), the CDR H3s were acidic (net average charge of Ϫ4.9 Ϯ 0.9), and in contrast to the short group, the CDR H2s were primarily electroneutral. For all nine antibodies in the long group, VHl-69 was the genomic progenitor. In addition, a preponderance of tyrosines was found in many of the long acidic CDR H3s (Fig. 2) .
Tyrosine Sulfation of CD4i Antibodies. Because negative charge and tyrosine usage are often associated with posttranslational modification of tyrosine by O-sulfation, and because coreceptor sulfation is critical for gp120 recognition (14), we analyzed the JH4  B3  JK3  33  ITH5-2  VH3-11  JH4  L15  JK5  24  447-52D  VH3-15  JH6  V1-19  JL3  14  Glycan  2G12  VH3-21  JH3  L12  JK2  51 Nucleotide and protein sequences were submitted to ImMunoGeneTics (IMGT) and IGBLAST for analysis (24) . Nomenclature from IGBLAST is used throughout this table. *Because somatic mutations are difficult to discern in regions of V-D-J recombination, especially of N-addition and P-addition, and because of variable CDR H3 length, we list only mutations for V and J regions. † IMGT aligned these sequences most closely with VH1-f, which has not been located in the genome. ‡ These genomic sequences were equally homologous. § IMGT aligned this sequence most closely with HV5-a, which has not been located in the genome.
sequences for this modification. The sequence motif that specifies sulfation is only partially defined, with a dominant characteristic being three or four acidic amino acids within five residues of the sulfotyrosine (reviewed in ref. 31 ). Nonetheless, computational analysis (32) suggested that the sequences of at least 412d, m16, and Sb1 had high probabilities of being sulfated in their CDR H3.
We used metabolic labeling to define further the sulfation of these antibodies. Much of this characterization is reported in a separate manuscript (19) , where we show that 47e, 412d, Sb1, C12, and E51 are sulfated in their CDR H3 and that tyrosine sulfation of 47e, 412d, and E51 contributes to recognition of some strains of gp120, especially the CCR5-using primary isolate ADA. Here we characterize several additional antibodies. We used [ 35 S]sulfate labeling to show that the antibodies m16 and X5 were tyrosine sulfated (Fig. 3) . However, in contrast to our previous findings, interfering RNA inhibition of sulfotransferase activity did not significantly alter recognition of ADA gp120 by C12, m16, Sb1, or X5 (Fig. 3 and Fig. 6 , which is published as supporting information on the PNAS web site). Although it is possible that autologous virus may bind differently than the ADA strain used in our study, the ADA strain was the one most sensitive to sulfation for 47e, 412d, and E51 (19) .
Thus the CD4i antibodies showed two unusual traits: highly selective V H -gene usage and tyrosine sulfation. The tyrosine sulfation appeared to be of two types: functional, where it contributed to recognition, and inadvertent, where recognition appeared independent of this posttranslational modification. As functional posttranslational modifications have not been previously observed with antibodies, we sought to use x-ray crystallography to reveal mechanistic and atomic-level details.
Structural Analysis of the CD4i Antibodies: 48d, 47e, 412d, and E51.
For the short CDR H3 group, we crystallized 48d in space group P2 1 2 1 2 1 , one molecule per asymmetric unit, and determined the structure at 2.0-Å resolution (Fig. 4) . All of the CDR loops were well ordered, with average B factors of 36.2 Å 2 , similar to the average B factor 29.3 Å 2 for the entire structure. In contrast to 17b, no protruding loop was observed. However, electrostatic analysis showed the unusual concentration of acidic residues in the CDR H2 sequence to indeed be highly electronegative, even more electronegative than the acidic CDR H3 of 17b (Fig. 4C) .
For the functionally sulfated CDR H3 antibodies, we crystallized and determined the structures of all three: 47e (singly sulfated), 412d (doubly sulfated), and E51 (triply sulfated), at resolutions of 2.9, 2.0, and 1.7 Å, respectively. The 47e crystals were in space group P1, with eight molecules per asymmetric unit. In contrast to the ordered CDR loops of 17b and 48d, in all eight 47e molecules, the CDR H3 was disordered. For the 20 residues in the 47e CDR H3, an average of 13 were disordered, with residues 97-100i disordered in all copies (Fig. 4A) .
The 412d crystals were in space group P2 1 with 2 molecules per asymmetric unit. In both 412d molecules, residues 100a-100g of the CDR H3 were disordered (Fig. 4A) . In the ordered portions of the CDR H3, the two crystallographically distinct molecules assumed similar loop configurations. The sulfated tyrosine at residue 100 could be seen in both crystallographically distinct molecules, although it was better ordered in one (Fig. 5) .
The E51 crystals were in space group P2 1 2 1 2 1 with one molecule per asymmetric unit. By chance, the E51 crystals were virtually isomorphous with the 48d crystals. Despite this similarity, the CDR H3 in E51 was almost completely disordered, with 12 of its 25 residues, residues 99-100j, too flexible to be observed in the 1.7-Å structure (Fig. 4A) . For the first two sulfated tyrosines in E51, the entire residue was disordered; for the third sulfated tyrosine, the main-chain atoms could be discerned, but the side chain, including the entire phenol ring, could not.
Thus, in contrast to the 17b and 48d structures, the CDR H3s for all of the functionally sulfated antibodies were disordered. Of the 15 crystallographically distinct sulfated tyrosines, only 2 could be observed, both at the same position in 412d. Irrespective of this order͞disorder, the overall electrostatics as well as the general shape of the combining surface were similar for the entire group of long-CDR H3 CD4i antibodies, with the paratopes of 17b, 47e, 412d, and E51 dominated by a protruding acidic CDR H3 (Fig. 4) .
VH-Gene Usage. We asked if we could explain the highly selective V H -gene usage in light of the structures. For the short-CDR H3 group of antibodies, conservation of the highly electronegative paratope seen with 48d may explain the selective usage of VH1-24 and the homologous VH1-f, as these are the most acidic of the V H -genomic progenitors. For the long-CDR H3 antibodies, the VH1-69 specifies the sequences for CDR H1 and H2, but not H3. It is involved in three interactions: with the CDR H3, with the light chain, and with gp120. In 17b, the primary residues of VH1-69 that buttress the protruding CDR H3 are Arg-31 (which buries 101 Å 2 of the CDR H3 surface), Tyr-32 (56 Å 2 ), and Arg-50 (44 Å 2 ). Examination of the CD4i antibodies shows that both Arg residues are unique to 17b. The light chain interactions, on the other hand, are highly conserved and do not distinguish VH1-69 from other V H genes. Thus the VH1-69 conservation likely reflects some aspect of a direct interaction with gp120. Examination of the 17b-gp120 complex shows that the CDR H3 contributes roughly 50% of the buried surface, the CDR H2 35%, and the CDR L3 the remaining 15%. Thus if 17b were representative the only direct contacts that VH1-69 can make would involve the CDR H2, at residues 52, 53, 54, 56, or 58 (Fig. 1B) .
We analyzed the conservation of these CDR H2 residues in the long-CDR H3 group of CD4i antibodies. Somatic mutation of all five residues was observed (Fig. 2) , suggesting a mechanism distinct from that ascribed to germ-line carbohydrate recognition (33) , which preserves a precise molecular interaction. The most distinctive conserved CDR H2 feature was the protruding hydrophobic residues at positions 53 and 54. These two residues account for 50% of the CDR H2 interactive surface. Their position at the loop tip allows them to protrude almost to the same extent as the long-CDR H3, where they form a hydrophobic anchor for CD4i antibody recognition. Analysis of genomic sequences shows that VH1-69 is the only V H gene with hydrophobic residues at 53 and 54 (Fig. 7 , which is published as supporting information on the PNAS web site). Thus, a precise molecular interaction is probably not preserved. Rather, the unusual VH1-69 gene usage likely reflects limitations of the VH-gene repertoire coupled to the need to preserve a protruding hydrophobic CDR H2 to anchor the long CDR H3 of the VH1-69-using CD4i antibodies.
Posttranslational Mimicry. Sequence and structural analyses show all of the CD4i antibodies to have a localized spot of high acidity in their antigen-combining sites. In the 17b-gp120 complex structures, this acidic patch interacts with gp120 residues shown to be important in binding the CCR5 N terminus. This interaction suggests a mimicry of the acidic N terminus of the viral coreceptor, CCR5 or CXCR4.
To understand this mimicry in greater detail, we examined the specific manner by which gp120 binds CCR5. It has been observed previously that if the CCR5 N-terminal sulfates are replaced with phosphates, binding is lost (34) . Such sulfate͞ phosphate discrimination is rare, generally requiring full phosphate͞sulfate coordination (35) . Thus the observed gp120 discrimination suggests that gp120 likely fully coordinates a site of sulfate recognition. Such coordination would impose rigid stereochemical requirements on tyrosine-sulfate recognition.
In marked contrast to the ordered CDR H3 loops of the nonfunctionally sulfated CD4i antibodies, 48d and 17b, we observed CDR H3 disorder in all three of the functionally sulfated antibodies. Disorder is not a prerequisite for sulfation, as the CDR H3 loop of X5 is ordered (X. Ji and D.S.D., unpublished data). Rather, the disorder and associated flexibility may be the easiest way to provide the specific stereochemical orientation required for high-affinity tyrosine-sulfate recognition.
The CDR H3 is the only CDR with enough length and diversity to be a substrate for tyrosine sulfation. Examination of the CDR H3 for the CD4i antibodies shows virtually all of the sulfated tyrosines to result from recombination, encoded directly by D and J gene segments (Fig. 8 , which is published as supporting information on the PNAS web site).
The data suggest the following requirements for functional sulfation of the CD4i antibodies: (i) VH1-69 CDR H2 binding to hydrophobic portions of the coreceptor binding site; (ii) tyrosine sulfation on a long acidic CDR H3 loop, which mimics the acidic N terminus of the coreceptor; and (iii) flexibility for the sulfated tyrosine, allowing for precise stereochemical recognition by gp120.
We envision that the combination of a CDR H2 hydrophobic anchor (in VH1-69) and the specific recognition of a CDR H3 sulfated tyrosine creates sufficient affinity to initiate antibody selection against the highly protected coreceptor binding site on gp120. Antibodies generated by this mechanism would incorporate posttranslational mimicry, with gp120 recognizing tyrosine sulfation on antibody in a manner similar to its natural recognition of the same posttranslational modification on coreceptor.
Inadvertent Posttranslational Modification: Substrate Mimicry. In addition to functional sulfation, our biochemical analysis suggests that inadvertent sulfation on the CDR H3 loop also occurs (Fig. 3) . Such sulfation is clearly more than accidental: of the six long CDR H3 antibodies that were not functionally sulfated, we found four, or 67%, to be inadvertently sulfated. In contrast, none of the Ͼ250 deposited antibody structures in the Protein Data Bank is sulfated.
What is the molecular mechanism by which such inadvertent sulfation occurs? The long acidic CDR H3 loops of VH1-69-using antibodies imitate the N terminus of the coreceptor. As with 17b, this imitation may relate to the electrostatic character of the acidic N terminus. Electrostatic mimicry would be accomplished by Asp and Glu residues, which coupled to the natural CDR H3 preponderance for tyrosine, would combine to produce sequences characteristic of the substrate appropriate for sulfation.
In this case, it is substrate mimicry that is the basis of the antibody selection, not affinity for the sulfotyrosine moiety itself. We would expect substrate mimicry to occur in situations where the posttranslational recognition sequence is relatively extensive, encoding elements related to the character of the epitope itself. The extensive recognition sequence of the tyrosine sulfotransferases fits this criterion, with the sulfate itself contributing to the electronegative character of the O-sulfation motif.
Conclusions. In the struggle between HIV-1 and the host immune system, the virus has a number of advantages, including an estimated evolutionary rate 10 6 times faster than the host (reviewed in ref. 36) . But the immune system contains extraordinary mechanisms of adaptive recognition. Structural analyses of the few broadly neutralizing and highly potent antibodies against HIV-1 have revealed surprising features, such as a long protruding loop (b12) and variable domain swapping (2G12) (37, 38) . When a panel of CD4i antibodies was investigated, the immune system did not fail to surprise, showing both highly selective V H -gene usage and tyrosine sulfation.
The tyrosine sulfation extends the vocabulary of antigen recognition beyond the standard 20 amino acids. Tyrosine sulfation is not a rare event, occurring on an estimated 7% of mammalian proteins (31) . In addition to selection mechanisms described here, our results showing that CDR H3 sulfation may be directly encoded by recombination may explain in part its prevalence among CD4i antibodies. In contrast, we found that the broadly neutralizing b12 and 2G12 showed at least 44 and 51 somatic mutations, respectively, double the average number of somatic mutations (22 Ϯ 6) observed for other gp120-reactive antibodies (Table 1) ; this high number may explain in part their rarity.
The V H -gene usage that we describe here for the CD4i antibodies not only is unusual in general but also is not observed with other gp120-reactive antibodies (Table 1) . Selective V H -gene usage has been observed previously, for example with salivary gland mucosaassociated lymphoma immunoglobulins (39) , but the molecular details of selection have not been uncovered. Here we show that with the CD4i antibodies, such selective V H -gene usage reflects the unusual properties of the CD4i epitope, being highly conserved but hidden by multiple layers of immune camouflage. While the small size of the epitope limits accessibility, it also limits the determinants of recognition. Once recognition occurs, it paradoxically allows repeated elicitation of similar antibodies. The findings suggest that, presented with the right immunogen, antibodies against the coreceptor binding site of gp120 may be readily elicited.
Our structural analysis reveals mechanisms of sulfation and V H -gene selection. Whether either of these represents an Achilles heel on HIV-1 that can be exploited therapeutically or prophylactically remains to be seen. Perhaps we need only look to the immune system for further inspiration.
